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Abstract
We show that the diastereomers of hydroxy peroxy radicals formed from OH and O2-
addition to C2 and C3, respectively, of crotonaldehyde (CH3CHCHCHO), undergo gas-
phase unimolecular aldehydic hydrogen shift (H-shift) chemistry with rate coefficients
that differ by an order of magnitude. The stereospecificity observed here for croton-
aldehyde is general and will lead to a significant diastereomeric-specific chemistry in the
atmosphere. This enhancement of specific stereoisomers by stereoselective gas-phase
reactions could have widespread implications given the ubiquity of chirality in nature.
The H-shift rate coefficients calculated using multi-conformer transition state theory
(MC-TST) agree with those determined experimentally using stereoisomer-specific gas-
chromatography chemical ionization mass spectroscopy (GC-CIMS) measurements.
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Graphical TOC Entry
Most of the molecules central to life, including DNA, amino acids and sugars, are chiral.1,2
Typically, one chiral form of molecules exist in nature; sugars, for example, are found almost
exclusively as the D-form, while amino acids occur naturally as the L-form, and the origin
of this homochirality is a great mystery.1–3
Many biogenically- and anthropogenically-produced compounds emitted into the atmosphere
are chiral.4,5 Several studies have found that the enantiomeric composition of VOCs (includ-
ing the important monoterpenes) vary with biome, plant type, season, time of day and stress
factors.6–10 For instance, it has been observed that, in tropical regions, (-)-α-pinene domi-
nates the emissions, while (+)-α-pinene has been found to dominate in a boreal forest.6
Both experiments and field measurements have shown transfer of precursor chirality into
formed seconday organic aerosol (SOA).11–14 Studies of polymers suggest that stereochem-
istry can affect the physical properties of the aerosol, such as hydrophilicity, phase behavior,
intramolecular hydrogen bonding and molecular macrostructure.15–19 This in turn may affect
the aerosol rate of growth, their ability to act as a cloud condensation nuclei (CCN) and
radiative properties, thus affecting their influence on Earth’s climate.20–22
Enhancement of specific stereoisomers can arise from differences in rate coefficients of dif-
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ferent stereoisomers, i.e. stereoselectivity. A decade ago, surface stereochemical effects were
observed for heterogeneous ozonolysis (about a factor of two difference between different di-
astereomers) and were suggested as a potential route to chiral excess in prebiotic chemistry.23
It has also been speculated, that oligomerization of epoxides formed in isoprene oxidation at
aerosol surfaces could similarly be stereoselective.19 Stereoselectivity in gas-phase reactions
has so far been elusive.
We investigate the diastereomeric selectivity in unimolecular gas-phase peroxy radical hy-
drogen shift (H-shift) reactions. These H-shift reactions have been linked to the formation of
highly oxidized molecules that are important for the growth of SOA in the atmosphere.24–29
Recent global modeling suggests that at least 30 % of all isoprene molecules emitted to the
atmosphere undergo a minimum of one H-shift during its oxidation cascade highlighting the
importance of these reaction pathways.30 Peroxy radical H-shift reactions are unimolecular
reactions in which a peroxy radical abstracts a hydrogen atom from another location in the
same molecule. Organic peroxy radicals in atmospheric oxidation are typically formed from
O2-addition to a near-planar alkyl radical center.31,32 If the three substituents at the alkyl
radical are different, O2-addition will form a new chiral center. Generally, this O2-addition is
expected to form comparable amounts of the two stereoisomers leading to a racemic mixture.
For compounds with an existing chiral center, this leads to a set of four stereoisomers, as
shown in Figure 1. The enantiomers, which are inverted at both chiral centers [e.g. (R,R)
and (S,S) labeled (R*,R*) here], are mirror images of each other and thus have the same
physio-chemical properties including unimolecular reaction rate coefficients and bimolecu-
lar rate coefficients with achiral reaction partners.33 The diastereomers on the other hand,
differ at only one of the stereocenters and have different properties.33 We refer to the di-
astereomers with the same configuration at both chiral centers as (R*,R*) and those with
different configuration as (R*,S*).
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Figure 1: Relation between the four stereoisomers comprising one of the structural isomers
of crotonaldehyde hydroxy peroxy radical, 2-OH,3-OO-CRALD.
We are at a point in time where these peroxy radical H-shifts are being implemented into
global atmospheric chemistry models.34,35 It is therefore imperative that the stereoselectivity,
which has been suggested by recent theoretical studies,24,30,36–39 is evaluated experimentally.
The importance of stereoselectivity in the atmosphere is two fold. Firstly, the rate coeffi-
cients can differ significantly between the different diastereomers and thus both need to be
considered.30 Secondly, it affects the stereochemistry of the formed products and may lead
to significant stereoselective enhancement.
Here, we demonstrate stereoselectivity in a pair of diastereomers formed in the hydroxyl
radical initiated oxidation of an alkene aldehyde, crotonaldehyde (2-butenal, CRALD), see
Figures 1 and 2. Using stereoisomer-specific gas-chromatography chemical ionization mass
spectrometry (GC-CIMS) measurements of the hydroxy nitrates (HN) formed by reaction of
the peroxy radicals with NO, we probe the competition between bimolecular and unimolec-
ular chemistry to quantify the rate coefficients of the peroxy H-shifts, using an approach
similar to that employed previously for other systems.40–42 As such, we provide the first
experimental demonstration of stereoselectivity in peroxy radical H-shifts, which is now rec-
ognized as a major atmospheric route to formation of secondary organic aerosol.24–27,29 The
4
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experimentally determined rate coefficients are compared to those obtained using multi-
conformer transition state theory (MC-TST).36,43
Crotonaldehyde reacts with hydroxyl (OH) radicals with a rate coefficient of about 3.4×10−11
cm3 molecule-1 s-1 at room temperature.44–46 The reaction is expected to progress by either
OH-addition to the double bond or abstraction of the aldehydic H-atom (see Figure 2).46,47
Experimental studies and structure-activity relationships (SARs) suggest that the two path-
ways are likely comparable.44,46–48 The addition products are the primary focus of this study.
The hydroxy peroxy radicals formed by OH and subsequent O2-addition retain the labile
aldehydic hydrogen and are thus expected to undergo fast aldehydic H-shifts.30,49
As shown in Figure 2, OH can add to crotonaldehyde at either the 2 or 3-position yielding
two different alkyl radical structural isomers. The subsequent reaction step is addition of
molecular oxygen to yield the hydroxy peroxy radicals 2-OH,3-OO-CRALD and 3-OH,2-OO-
CRALD. As shown in Figure 2, both structural isomers can undergo unimolecular H-shifts
or react bimolecularly with NO to form hydroxy nitrates (HN).
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Figure 2: Mechanism for formation of the crotonaldehyde hydroxy nitrates and competing
unimolecular aldehydic H-shifts. The two chiral centers are indicated by asterisks. The H-
abstraction pathway shown in grey is not important for the kinetic study here but included for
completeness. The branching between addition and abstraction is based on literature,44,46–48
while the branching between the two addition pathways is estimated experimentally here.
In the post-oxidation gas chromatograms (Figure 3) four peaks are observed at m/z 234
corresponding to the adduct of the crotonaldehyde hydroxy nitrates with CF3O– . High
mass resolution data ((m/z)/∆(m/z) ∼ 3500) confirm this chemical composition. As our
experimental setup does not distinguish enantiomers, this is what we would expect from the
mechanism in Figure 2 with two diastereomers [(R*,R*) and (R*,S*)] for each structural
isomer. Addition of OH to the 3-position yields a resonance stabilized alkyl radical (con-
firmed theoretically to be significantly more stable, see Table S13) and this is expected to
be the major pathway. Thus, we assign the two large (later-eluting) peaks in Figure 3 to the
two diastereomers of 3-OH,2-ONO2-CRALD and the two smaller peaks to the two diastere-
omers of 2-OH,3-ONO2-CRALD. This assignment is corroborated by oxidation experiments
using 3-hydroxybutanal (Technical grade, Chem Service Inc.), see Section S15. Experimen-
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tal assignment of the two diasteromers of a given structural isomer of the crotonaldehyde
hydroxy nitrates is not possible with the setup employed here in the absence of authentic
diastereomerically pure standards. Instead, we assign these based on their calculated dipole
moments which differ quite significantly between the different diastereomers (Table S15).
GC elution order is not trivial to predict and depends on the boiling points of the analytes
and the interaction between the analytes and the column. Considering molecules with sim-
ilar size and functionality, species with higher dipole moments are likely to have stronger
intermolecular interactions with themselves as well as stronger interactions with the polar
trifluoropropyl groups of the column phase, both leading to longer retention times. Thus, we
assume the diastereomer with the higher dipole moment elutes later from the column. For
2-OH,3-ONO2 the (R*,S*)-diastereomer has the smallest dipole moment and is assumed to
elute first, while the (R*,R*)-diastereomer is assumed to elute first for 3-OH,2-ONO2. How-
ever, even if this assignment is incorrect, it will not affect the conclusions drawn regarding
the stereoselectivity.
Figure 3: Chromatograms of the CRALD hydroxy nitrates (m/z 234) at different bimolecular
lifetimes (τbi). The signals have been scaled to the intensity of the second 2-methylpropene
hydroxy nitrate peak (retention time = 8 min, not shown), which is added as a reference. T
= 296 K.
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The relative importance of the two OH-addition pathways in crotonaldehyde is assessed from
the high-NO experiments (blue trace in Figure 3) and the calculated CIMS sensitivities of the
formed hydroxy nitrates, assuming each has the same nitrate yield. As observed for the two
smaller peaks eluting first, we expect the two diastereomers to be formed in similar amounts,
as they are formed by O2-addition to a near-planar alkyl radical.31 The fact that the signal
of the last-eluting crotonaldehyde hydroxy nitrate is almost a factor of two smaller than
the other major hydroxy nitrate (when including estimated CIMS sensitivity, see Table S15)
may be explained by a lower nitrate yield of the corresponding peroxy radical, a lower de-
composition temperature or uncertainty in the calculated CIMS sensitivities. However, none
of these affect the determined reaction rate coefficients, as their impact will be the same in
all experiments. We estimate the branching between the two addition pathways to be about
10:90 favoring addition at the 3-position (see Section S19). This assumes that the abundance
related to the fourth peak is equal to that of the third and that the nitrate yield is the same
for all four peroxy radicals. Based on our experimental data, we estimate the overall nitrate
yield for the reaction of crotonaldehyde hydroxy peroxy radicals with NO to be about 1.8 %
(see Section S16). Further discussions of the mechanism and products of uni- and bimolec-
ular chemistry of crotonaldehyde are given in Sections S20 and S21. The hydroxy nitrates
produced from 2-methylpropene (m/z 220, Figure S13), which is added as a reference, are
used to scale the crotonaldehyde HN signals. Specifically, 1-hydroxy-2-methylpropan-2-yl ni-
trate (the latter-eluting of its two HN peaks)50 serves as the reference signal to normalize the
CRALD peak areas to account for differences in OH and NO reactivity between experiments.
A clear decrease is observed in the normalized crotonaldehyde hydroxy nitrate yields (Figure
3) with increasing bimolecular lifetime (τbimolecular). This is a clear indication of unimolecular
chemistry of the crotonaldehyde hydroxy peroxy radicals. We calculate (Section S3.2) that
for all isomers, the aldehydic H-shift is favored by at least a factor of 10 compared to the
other potential H-shifts suggesting that this is the only important unimolecular pathway. At
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a bimolecular lifetime of 40 s (Yellow trace in Figure 3), typical of atmospheric conditions
in pristine environments, almost no crotonaldehyde hydroxy nitrates are formed. The ob-
served rate of decrease in yield with increasing bimolecular lifetime is not the same for all
four peaks indicating varying rate coefficients of the unimolecular H-shift reactions of the
different isomers. Specifically, the (R*,S*) isomer of 2-OH,3-ONO2-CRALD (GC peak 1,
Figure 3), decreases markedly slower than the three remaining isomers. This suggests that
the aldehydic H-shift in (R*,S*)-2-OH,3-OO-CRALD is slower than those in the other 3
isomers.
In Figure 4, we show the normalized (to the HN peak of the reference compound) croton-
aldehyde hydroxy nitrate yields as a function of bimolecular lifetime (see Table S17). To
facilitate comparison, the normalized HN yield for each isomer has been scaled to the av-
erage normalized HN yield in the short bimolecular lifetime experiments (highest NO). For
all four hydroxy nitrate isomers, a distinct decrease in peak area ratio is observed as the
bimolecular lifetime increases, reflecting the increased competition from the unimolecular re-
actions (Figure 2). For each isomer, the inflection point represents the bimolecular lifetime
where the bimolecular and unimolecular chemistry are equally fast. The inverse of this value
represents the rate coefficient of the unimolecular aldehydic H-shift at the temperature of
the experiment.
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Figure 4: Normalized crotonaldehyde hydroxy nitrate yields scaled to the average short-
bimolecular lifetime values as a function of the bimolecular lifetime (τbimolecular). The solid
lines represent the best model fit to the experimental data, while the dashed lines are the
output from the chemical model using our calculated H-shift rate coefficients. T = 296 K.
The two diastereomers of 2-OH,3-OO-CRALD have markedly different H-shift rate coeffi-
cients (Figure 4, left panel). The yield of the (R*,R*) isomer decreases at a significantly
shorter bimolecular lifetime compared to the (R*,S*) isomer indicating faster unimolecular
chemistry. On the other hand, the rate coefficients for the two stereoisomers of 3-OH,2-OO-
CRALD differ by a much smaller amount. The dashed lines in Figure 4 are from a model that
incorporates the MC-TST calculated rate coefficients of the aldehydic H-shifts (Section S13).
Based on the best fit to the experimental data in Figure 4, we determine the rate coefficient
for the aldehydic H-shift of each of the four isomers. These are given in Table 1 along with
the corresponding calculated rate coefficient for the aldehydic H-shifts. We find that the
difference in the experimental rate coefficients for the aldehydic H-shift is close to a factor of
20 between the two diastereomers of 2-OH,3-OO-CRALD. For the other structural isomer,
the difference between the two diastereomers is only about a factor of two and within the
estimated experimental uncertainty.
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Table 1: Calculated and experimental reaction rate coefficients (kcalc and kexpt, respectively,
in s-1) at 296 K.
GC Peak nr. Isomer H-shift kcalca kexptb
1 (R*,S*)-2-OH,3-OO-CRALDc 1,5 0.021 0.04 +0.03/-0.02
2 (R*,R*)-2-OH,3-OO-CRALDd 1,5 0.25 0.7 +1/-0.3
3 (R*,R*)-3-OH,2-OO-CRALDd 1,4 0.24 0.3 +0.2/-0.1
4 (R*,S*)-3-OH,2-OO-CRALDc 1,4 0.82 0.6 +0.4/-0.2
a Uncertainty in the calculated reaction rate coefficients is estimated to be about a factor of
10,40 but agreement with available experimental values is better than a factor of 5.30
b The experimental uncertainty is determined based on the approach outlined in literature,40,41
see Section S14.
c This includes (R,S) and (S,R).
d This includes (R,R) and (S,S).
For all four reactions, the experimentally determined reaction rate coefficients are in agree-
ment with the calculated values to within a factor of three. Furthermore, the calculations
correctly predicted a large stereo effect for 2-OH,3-OO-CRALD and a minor stereo effect for
the 3-OH,2-OO-CRALD peroxy radical. In both cases, the calculations correctly determine
which of the two diastereomers reacts the fastest (assuming the experimental diastereomer
assignment is correct). The good performance of the theoretical approach by Møller et al. 36
for these reactions corroborates its performance for the other systems for which it has been
employed.36,40–42 This highlights the value and predictive power of high-level calculations,
which can be performed for systems where experiments are not possible.
Previously, the calculated difference between diastereomers in 2-hexanol oxidation was sug-
gested to be caused by differences in the hydrogen bonds available to the two diastereomers.40
However, the reason for the differences observed here between the diastereomers of 2-OH,3-
OO-CRALD is not obvious from their calculated lowest-conformer structures (Figure S4).
Comparison of their zero-point corrected energies show that the reactant of (R*,S*)-2-OH,3-
OO-CRALD is slightly lower in energy, while the TS is slightly higher in energy. This leads
to a difference in the barrier height of 2.5 kcal/mol, producing the large difference in the cal-
11
Page 11 of 24
ACS Paragon Plus Environment
The Journal of Physical Chemistry Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
culated rate coefficients. With subtle differences in barrier height having such large effects,
the stereoselectivity is difficult to predict, which, in general, suggests that both stereoisomers
need to be studied. The already challenging task of deriving structure-activity relationships
(SARs) for peroxy radical H-shifts is thus further complicated.
The relatively large rate coefficients for aldehydic H-shift reactions found here are in good
agreement with earlier experimental and theoretical studies.30,36,49,51,52 Recent MC-TST cal-
culated rate coefficients of a large number of peroxy radical H-shifts in the oxidation of
isoprene found rate coefficients of 1,4; 1,5 and 1,6 aldehydic H-shifts in the range 6 × 10−3
to 3 × 101 s-1.30 We have also calculated MC-TST rate coefficients for the aldehydic H-
shifts in the hydroxy peroxy radicals formed from the crotonaldehyde-comparable compounds
methacrolein and acrolein (Section S4) and find rate coefficients similar to those in Table
1. All available evidence suggests that aldehydic H-shifts are fast enough to outcompete
bimolecular reactions under pristine conditions typical for regions of large VOC emissions
and even be competitive in urban environments, especially in the future due to decreasing
NOx emissions and increasing global average temperatures.22,32,40,53
A recent study reported weekend afternoon NO mixing ratios below 500 ppt in the L.A. basin
corresponding to bimolecular peroxy radical lifetimes of more than 10 s.40 At a bimolecular
peroxy radical lifetime of 10 s, about 90 % of the (R*,R*)-2-OH,3-OO-CRALD isomer will
react by the H-shift, while only about 35 % of the (R*,S*)-isomer will react by that path-
way. This will lead to a large diastereomeric enhancement in the pools of products from
the competing uni- and bimolecular chemistry: The (R*,R*)-diastereomer will be enhanced
in unimolecular reaction products, while the (R*,S*)-diastereomer will be enhanced in the
bimolecular reaction products. To the extent that such diastereomeric enhancements occur
across the diverse set of substrates that comprise the VOC emitted to the atmosphere, they
will influence the subsequent reactions in the atmosphere and the formation and properties
12
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of atmospheric secondary organic aerosols.19,22 This highlights the importance of considering
the stereochemistry in the context of atmospheric oxidation and H-shifts, especially as even
larger stereo effects have been calculated recently for more complex systems formed in the
oxidation of isoprene with more complicated hydrogen bonding patterns available.30 Atmo-
spheric enhancement of specific stereoisomers by stereoselective gas-phase reactions could
have widespread implications given the ubiquity of chirality in nature.
Methods
Experimental. Experiments are performed in a ∼1 m3 Teflon chamber at ambient atmospheric
pressure (∼745 Torr) and temperature (296 K). A standard mixture of crotonaldehyde and
2-methylpropene (serving as an external reference for the rate of bimolecular chemistry) and
oxidation was initiated by photolysis of methyl nitrite producing OH. Products are measured
using chemical ionization time-of-flight mass spectrometry (CI-ToF-MS, Tofwerk, Caltech)
using CF3O– as reagent ion, as described in detail before.54,55 The stereoisomeric compounds
are separated using an 11.5 m Restek RTX-200 megabore GC column (I.D. = 0.53 mm, df
= 3.00 µm) gas chromatography column placed in a Varian CP-3800 gas chromatograph
(GC) oven. Experiments are conducted with different concentrations of HO2 and NO to
vary the bimolecular lifetime of the peroxy radical. The bimolecular lifetime is determined
as described previously.40,41,56 The H-shift rate coefficients are extracted by fitting a simple
chemical model (Section S13) to the crontonaldehyde HN yield (normalized to the second
peak of 2-methylpropene HN) as a function of the determined bimolecular lifetime. The
experimental procedure is described in detail in Section S9.
Computational. Reaction rate coefficients are calculated using the approach by Møller et
al.36 This approach uses multi-conformer transition state theory (MC-TST),36,43 with barrier
heights calculated at the ROHF-RCCSD(T)-F12a/cc-pVDZ-F12//ωB97X-D/aug-cc-pVTZ
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level in Molpro 2012.1.57–65 Partition functions and relative energies between conformers
calculated using ωB97X-D/aug-cc-pVTZ in Gaussian 09, revision D.01.57–59,66 Tunneling co-
efficients are calculated using the Eckart approach.67 Details on the computational approach
are given in Section S1.
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trate yields, chromatograms, NO3 experiment results, high-NO oxidation mechanism, growth
of possible products from NO chemistry, oxidation mechanism following aldehydic H-shifts
and crotonaldehyde peak area ratios.
All ωB97X-D/aug-cc-pVTZ and F12 output files, which include the ωB97X-D/aug-cc-pVTZ
optimized geometries, are available at:
https://sid.erda.dk/public/archives/bfad8e9ca7cf171e6d225371b36c3372/published-archive.html
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